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EXECUTIVE SUMMARY

Hercules Incorporated has conducted a quantitative hazards and
risk analysis on the preliminary design of the proposed ammonium
nitrate/nitric acid Transfer facility to be constructed at Holston
Army Ammunition Plant,

The evaluation of all potential fire and explosion hazards was
accomplished through the application of the Hazards Evaluation and
Risk Control (HERC) program developed by Hercules. This is a quanti-
tative technique for assessing process risk and specifically conforms
to the requirements of U,S, MUCOM Regulation 385-22, "Safety Hazards
Analysis." In addition, system failures and/or fault sequences which
could cause a loss of facility operation (spills, blockage, corrosive
failure, etc.) were evaluated through a logic modeling technique.

In this report, specific recommendations are offered which, when
implemented, would reduce overall system risk in a cost effective
manner., These recommendations, generally consisting of minor modi~
fications in equipment design and operating procedures, will serve as
a useful guide during the subsequent completion of the facility design.

Relatively small overall fire and explosion probabilities were
determined to exist for the Transfer system, as currently designed.
This is attributed to: (1) the relative insensitivity of process
materials to standard forms of initiation, and (2) the complete lack
of an explosive potential existing in the facility during normal
operations. Under certain abnormal conditions, identified in the
analysis, an explosive potential could be present and in such cases,
specific recommendations are offered to reduce the probability of an
explosion occurring. The normal and abnormal operation of the pro-
posed electrically heated transfer line was found to contribute only
marginally to the overall facility risk.
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WARRANTY AND DISCLAIMER

B ; Within the scope of work, Hercules warrants that it has

:.@ exercised its best efforts in performing the hazards analysis
E: hereunder, but specifically disclaims any warranty, expressed or

- 2 implied, that any particular standard or criterion of hazard or
R accident elimination has been achieved by Holston Defense

.ﬂé Corporation, if Holston Defense Corporation adopts the findings

: E or recommendations of Hercules.
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INTRODUCTION

This is the sixth and final report for this program under Comntract
083-0446 to Holston Defense Corporation (HDC) for a Hazards Analysis of
the Ammonium Nitrate/Nitric Acid (AN/NA) Transfer System, including
Tank Farms C-3 and C-7. The Transfer System, currently in the design
stage, would basically eliminate the need for loading and unloading
railroad tank cars and consequently reduce personnel exposure during
these operatioums.

The AN/NA Transfer System consists of: ("} the existing pump house,
(2) new 20 foot diametexr Storage Tank with Heat Exchanger, (3) new pump
house, (4) new impedance heated 3 inch transfer line, and (5) existing
C-3 and C-? Tank Farms (3 tanks each).

The requirements of the Holston Defense Corporation proposal
request (W-72-73) specified that a system analysis be performed to
identify undesirable events which have been interpreted to be fires,
explosion, personnel injury, loss of product through spills, product
blockage, corrosion, and system downtime. The occurrenve of these
events is determined by a numerical (Quantitative) engineering analysis
of the failures (mechanical, electrical, and human) or normal occurrences
(pumping, heating, valve operations and manual cleanup) with respect to
the material rcsponse of AN/NA matu~ial tested at the specific environ-
uental conditions found in the process. Process viska arc determined and
are provided to HDC management together with informatica concerming the
probability of hazardous or undesirable cvents cccurring and the expected
effect on the system from the standpoint of personnel injury, equipsent
damage/loss, and dowmtiwme. This information will facilitate HDC manage-
ment decisions concerning changes in the design and operating criteria
50 that the systeam can be optimized for safety, cost, productivicy acd
quality.

These objectives are generally specified in Army Eagulations(l'z)
and are specifically stated in USAMUCOM Regulation 385-22, "“Safety
Hazards Analysis." This regulation outlines the requiremeats and
criteria for cstablishing and implementing Hazards Analysis techniques
for concept, development, and production phaszs for planned modermiza-
tion of MMATE programs for all USANUCOM installations.

Hercules believes the work objectives have been accomplished through
the uge of its Hazards Evaluation and Risk Control Program known as HERC.
This toechnique was developed by Hercules in 1958 and has been formally
presented(3) and generally accepted throughout the industry as a practical
and cosi-ceffective method of evaluating processiug hazaxrds, In fact, the




principal concepts of the Hazards Evaluation and Risk Centrol program
have been incorporated in MUCOM 385-22. This approach is quantitative
in nature and utilizes a mathematical logic modeling technique in con-
junction with engineering measurements of both the "in-process™ energy
and the response of processed materials 10 this energy to determine the
severity of any hazards (i.e., fires, explosions) or loss of production,
These data, coupled with a computer simulation using the logic model as
the format, provide the probability that such hazards or losses will
occur in the system as designed.

SIRMARY

A. Objectives

The objectives of this work were:

1. Determine the specific gystem functions or failures
which could cause personnel injury or death, damage
to facility or equipmeant, or no product.

2. BEvaluate the severity of these specific ovents; i.e.,
wmechenical and electrical failures, firas, explosioas,
and toxicity hazards.

3. Determine the probability of occurrence and safety
warginsg of these nommal and abnoimal hazardous events.

4. Provide design and opercting criteria so that the
system can be optimized from the standpoint of safety,
cost and productivity while wmaintaining an acceptable
level of product quali: -,

5. Provide management with sufficieat information vegavding

the probability of system failure so that tradeoff
decisions cdan be wade conceraning risk versus cost.

B. Results and Coaclusions

The AN/RA Transfer Systew has been analyzed utilizing proven HERC
techhiques as described in the latvoduction. This analysis focuses
attention on estimuting the chance of {ncurring a catastrophic event
and the probable rosults therefrom to persoonel and/or equipment and
provides design and operating criteria for tha production operation.

A catastrophe is defiuned as a five or cxplosion cvent in which perscanel
are saverely injured or killed or system loss s experienced.

tJ
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IR The overall probability of a catastrophic event (explosion) occur-
| - 3 ring in the facility during 90 days of operation has been determined to
o be 1.1 x 1076, This evaluation is first based upon the inability of

o the normal process material to support a transition-to-explosion when
b subjected to a flame stimuli, as demonstrated by transition test data
F: 0 4 generated during this program. Abnormal conditions, where confined
S process materials may become intimately mixed with organic material
2. (such as oil), are viewed as being much more able to support an
explosive transition, but these conditions have low probabilities of
ever occurring. Another situation identified in the analysis by which
an explosion potential would be set up in the facility is if confined
process material, such as that present in ouc of the unvented tanks,
were to decompose (give off gases) or vaporize rapidly as a result of
abnormally high process temperatures. In light of the highly abnermal
conditions which must be preseat before even an explosion potential is
£ 3 available, a relatively low overall explosion probability has been
k3 determined to exicr. The mest likely oource of an explosion is from
” abnormal heat exchanger operation, resulting in process liquid vapori=
zation and subseqQuent buildup of oxplosive pressurves.

From the analysis it was determined that there is a2 1.1 x 1073
3 probability that an incident (fire) would occur in the facilicy
g during 90 days of operation., This relatively low incident probabilicy
4 vesults from: (1) the relacive insensitivity of the process materials
3 to the standavd torws of initiation, and (2) the inability of the process
3 waterials to support a fire even when exposed to a highly energetic
initfation source. alwmozt all of this incident probability is associated
with novmal rubbing at the mechanical seals of the process pumps during
shut dowm during which initfation (decompusition) will nowmmallv acgur.

]

During previous materis] reaponse tosting on AR and AR/NA, o
) fmpact or Eriction initiativn could be detected pven when the hiphest
- epetgy levals avsilable frow the testing apparatus were cuploved. In
3 those cases where in-process impast of frigtional casrgies were found
: to be highey than thd maxieum cnergy level available from the testing
- apparatus, <afoty esrging and initiation probabilities could not be

- cslevlated, In these cases, it hag been censervatively assumed that

' no safety margins would exist and that the initiation probabilitios
would Lo 1. Host of these cases favolve tue acimal and abuomaa)
operation of process pumps, vhere relatively high ineprocess energies
are available.

In those cases where initiastion probabilities »¥ 1 wore determined
to axist, incident (fire) probabilities were concluded to be relatively
swall, "Initiation" is defined in this analysis to be localized dec -
position. In order for am incident to eccur, the initiation muest be
sustained futo a fire. Laboratory teste on the process materisls
indicote that even when highly energetic ignition sources are emploved,
the matevials will not suppoxt a fire. These results ave supported by
buruing tests couducted by the Bureasu of Nines.
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The general design of the impedance heated transfer line was found
to have adequate safeguards to prevent excessively high or low product
temperatures from being present in the line for any extended period of
time. With abnormally high temperatures existing, the major concern
would be possible corrosive failure of the piping. Thermal initiation
of the process material resulting from high process temperatures could
result in a fire or explosion only if the materials were contaminated
with organic material, such as oil. The probability of a fire origina-
ting at the electrically heated transfer line during normal, abnormal,
and cleanup operations has been determined to be an insignificant con-
tributor to the overail 1.1 x 10"J incident (fire) probability associated
with the entire facility.

Several single-point ccmponent failures were identified with the
operation of the new Storage Tank and Heat Exchanger which could result
in abnormal product temperatures existing at the Heat Exchanger. Such
failures, if not promptly corrected, would lead to (1) vaporization of
process liquid resulting in explosive pressure buildup, or (2) excessive
system corrosion or blockage via freezing. The basic problem lies in
the fact that the Heat Exchanger control system (temperature transmitter
and controller monitoring the Storage Tank temperatures) is essentially
isolated from the actual heating operation at the Heat Exchanger. It
is recommended that product temperature at the Heat Exchanger be con-
tinucusliy monitored. This would involve installing a temperature
transmitter at the Heat Exchanger which would be tied into a tempera-
ture indicator on the master control panel.

The Peliability Analysis showed that there is an average prob-
ability of .18 of having at least one random system failure occurring
during a 90 day operating period which would result in no product being
available from both Tank Farms (C-3 and C-7). This probability encom-
passes over a hundred single point failures, including primary and
secondary compcuent failures and human error in equipment adjustment,
maintenance, or selection. Many of the electronic sensors, controllers,
etc., utilized in the facility are critical to the operation of the
facility in the sense that a single failure would lead to a shut down
of beth Tank Farms,

The three inch Transfer Line (impedznce heated) contributes almost
50% to the overail .18 failure probability. This results mainly from
the relatively large number of components present in the ten heating
units empluyed at the line. In the analysis it is conservatively
assumed that should an abnormally high or low product temperature be
indicated to exist in the Transfer Line the line would be shut down,
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The Reliability Analysis has been based upon guneric component
failure rate data, such as that presented in FABADA. (4)  The highly
corrosive operating environment present iv the facility will play an
important role in ultimately determining the actuval reliability of
the system. For this reason, the value of the reliability amalysis
lies in its ability to icentify those areagr of the facility which
are most critical to the reliable operation of the system. Minimiz-
ing the effects which comporent failures will have on the facility
operation can best be effected by waintaining detailed records omn
component failures and maintenance for future repair.

C. Recommendations

From the analysis of the present design of the AN/NA Transfer
System, the following reccmmendations are wmade:

(1) The temperature c¢f the material at the Heat Exchanger should
be monitored. This can be accomplished by installing a temperature
transmitter at the Heat Exchange~ which would input into an indicator
in Bldg. 330, This setup would significantly reduce the probability
of excessive corrosion or product freezing cccurring in the Heat
Exchanger. In addition, the overall explosion probability for the
facility . :1 be reduced by several orders of magnitude.

(2) An emergency pressure relief valve should be installed at
the new storage tank. This would reduce the probability of explosive
pressures building up as a result of process liquid vaporization (high
product temperature which goes uncorrected).

(3) The bayonet steam heater for the Storage Tank which serves as
a backup to the Heat Exchanger may be either manually or automatically
operated, The important point is that the temperature transmitter and
indicator/recorder (which indicate when additional heating is required)
should be separate from the Heat Exchanger controls (TT-3 and TIC-3).
Irn this manner, two single point failures which could cause product
freezing in the Storage Tank would be eliminated.

(4) Consideration should be given to the possibility of employing
a temperature control system for the long steam traced lines. It has
been assumed in the system analysis that the noxmal operation of steam
traces would result in acceptable product temperatures. This area
should be investigated during the remaining portion of the design
program from the standpoint of maximizing reliability.,

(3) When operating, cleanup, and maintenance procedures are written,
particular emphasis should be placed upon avoiding the accidental intro-
duction of organic materials, such as oil, grease, etc. into the process
flow. The small scale introduction of such contaminants could signifi-
cantly increase the likelihood of an initiation being sustained into a
localized fire, whereas massive contamination of process materials would
set up a serious explosion potential (Sprengel explosive).
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(6) During the cleanup of the impedance-heated transfer line,
power to the heating units should be cut off. A protective covering
should be placed over exposed electrical wires and other equipment to
reduce the likelihood of corrosive damage (shorts, etc.) occurring
as a result of sloppy cleanup procedures.

(7) Should a high product temperature be indicated in the impedance-
heated transfer line, it is recommended that the power to the particular
heating unit be immediately cut off while maintaining constant product
flow. Immediately stopping the product flow (via pump shutdown) would
increase the likelihood of an initiation occurring in localized hot
spots.

(8) It is understood at this time that Holston is considering the
use of concrete boxways and steel pipe supports in replacement of currently
existing wocden supports. Installing the transfer lines in a concrete box-
way (steel supports) would reduce the likelihood of a fire occurring as a
vesult of a leak. Contact between the process materials and organic

materials (wooden pipe supports or organic pipe insulation) could result
in spontaneous combustion.

(9) Based o~ explosive propagation (critical diameter) test results,
it is recommended that the 4" diameter pipe proposed to connect the new
storage tank and new pump house not be employed. If a single 3" pipe
is not feasible, from a production standpoint, two parallel pipes
(diameter < 3") are recommended in place of the single 4" pipe. In
this manner, the likelihood of an explosion propagating between the
new pump house and storage tank is significantly reduced.

.)‘,:,3;:';,-} S AR el e RS T
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I. PRELIMINARY HAZARDS ANALYSIS

N A. Process Survey

The process survey phase of the program consisted of an in-depth
review of available design drawings, manufacturers' literature, etc.,
. in order to become intimately familiar with the proposed system, so
o that system failure could be defined in terms of fire/explosions and
T reliability. Failure rates of system components such as pumps, valves,
Ce sensors, controllers, etc., were determined using sources such as manu-
- facturers' specifications, and established data banks of FARADA(%4) and
ROME. () The data sources were adequate to define the system reli~
S ability and thus alleviate the need for any additional componeut failure
KBRS rate testing. Indi~idual component failure rates are discussed in more
. detail unler _ection IV, Risk Analysis, of this report.

g et

B. Logic Model

The background obtc.ned in the process survey and the asststance of
HDC engineering pe.sonnel provided the data baseline for the construction
of the system logic model. :

This technique is a recognizad neans (8) of augmenting the pre-
liminary hazards analysis by servirg as a useful tool in an in-depth
evaluation of the system by defining all credible failure modes of the
system, whether they be from huma~, elec’rical, or mechanical causes or

] from normal or abnormal system states. The logic model also provides
SN the basic method for analyzing the intcrrelationships among the varicus
E}fﬁ“;-i . components of the system, The logic model can also function as a useful

E troubleshooting guide for YDC in the event of syster failure, particu-
R larly in the control systems, by ideitifying the systems €ailure area

3 3 on the nodel and determining wuat the immediate cause(s) or underlying
. canse{s) are that contvibute to the systems failure, thus helping to
. pinpoint the specific component (s) failure,

- The logic model begins with the top undesired event ''no product
K. from both Tank Farms" and proceeds through logical steps (gates) back-
T wards through the system to the existing pumphouse at the beginning
i of the process. By constructing the model in this manner, .ach com-

E ponent of the system can be eveluated separately in t-rms of either

" k its own failure or the immediate causes that would contribute to the
< B failure of the component. This technique results in an in-depth
L. gystems failure logic that is extremely comprehensive and provides
L for an accurate account of all credible feilures and failure causes
- o of all system compomnents.
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The basic symbols used in the construction of the logic model
consist of logic gates such as "and," "or," and "inhibit" gates and
event representations such as circles, rectangles, diamonds, and
houses. These basic symbols are described in Table I-A and the logic
diagram itself is shown in its entirety in Appendix A. To present
the model in convenient form for inclusion in this report, the author
relied heavily on the use of the transfer symbol. This device facili~
tates the transfer of information from one section of the model to
another.

The model depicts two major failure areas that are of primary
importance to the overall analysis of the system: (1) loss of pro-
duction or systems damage resulting from wmaterial initiatiom, fire
or explosions, and (2) loss of operation due to human or component
failures.

C. Qualitative Analysis

In the qualitative sense, the logic diagram consists mostly of
"or" gates and "inhibit" or "sensitivity" gates. Any single failures
linked to the top event through "or" gates will cause the top event to
occur, For example, failure of TIC-3 (page Q3 of logic model) will
result in failure of the system and cause the top undesired event to
occur. Over one hundred single factor failure modes were identified
from the logic model. The failures identified from the logic model
consist of mechanical or electrical components and human factors
such as failing to perform functions correctly or doing something
at the wrong time. There are also many failures that are common to
both the fire/explosion and reliability failure modes such &8s a pump
impeller failure. This aspect of the analysis is discussed in more
detail in Section IV of this report.

The failure logic developed for loss of production or eysica dawage
resulting from material initiation, fire or explosion, consists of system
states that are directly related to component failures, human error, and
normal plant operation. Initiation potentials of impact, frictionm,
thermal, and impingement are identified for these system states and have
been developed to their fundamental causes. As an example, a listing
of the identified potential initiation modes associated with the
operation of a process pump is shown in Table I-B, All of the poten-
tial initiation modes for each piece of equipment require an engineer=-
ing analysis to determine ultimate safety margins and initiation probe
abilities,
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TABLE I-A
LOGIC SYMBOLOGY AND DEFINITIONS

LOGIC OPERATIONS

OUTPUTY
“Or' gates define the situation whersbdy the
output svent will sxist if ons or more of the
input events exist.
INPUT
OUTPUT
“And'" gates describa the logical operation
whereby all input svents have to occur simub
taneously to produce the output event.
INPUT
OUTPUT

“inhibit” or “Sensitivity™ gates descride a causal
rslationship between one event and another,
The input event directly produces tha output
event it the indicated condition Is satistied,

INHIBIT
CONDITION,
EVENY REPRESENTATIONS

|

INPUT

Boxes represent events which are usially
expressad as & faillure that resuits from the
combination of fauit svonts threugh the nput
{ogic gage.

 {
Diamonds represant fault svents that are consldered
basic ang define the limit of resclution. The possibie
causes of the event are nOt developed elither becaums
the svent ls of insutficient conequencs Or DeCaUse
the nacausary information ls aot avaliadis.

Circlas represant basie fauit events or primary
faliures that require no Rirther davelopmant,
Frequency and mods of fallure of itams o
laentifiad sre derivag fram tosts oF atisting
dath Banke.

HOUes represant svents tRIt are neimally sipiatsd
to OCcur SuCh 43 alr hilng Prestal Gutiide 0pireting

vobtels.

Veiangios sre used o8 troncler wyembels 10 trraeet
IN~TRANSFER v OUT—TRANSFER Infarmation from aas saction of the dlagrm 1o

snsther,

SIMILARITY TRANSPER
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TABLE I-B

POTENTIAL INITIATION MODES OF A PROCESS PUMP

Description of Event

Mechanical seal rubbing during startup/shutdown
Frictional heating in seal area

Impeller rubs pump housing

Impeller impacts pump housing

Impeller rubs foreign object

Impeller impacts foreign object

Impeller rubs layered process solids

Shear heating of confined Material

Low material level in pump

Removal of contaminated flange bolts

Charge buildup on ungroumded operator

Operator drops nut, bolt, tool into contaminated area

1-4




The use of the "inhibit" or "sensitivity" gate provides a means
of logically illustrating the in-process conditions that have to be
satisfied in order for the failure logic to pass through. the inhibit
gate. Fou example, on page L1 of the logic model for the development
of the fire/explosion logic for a process pump, the impact energy
available due to the pump impeller hitting the pump housing must be

compared to the sensitivity of the material to determine the prob-
ability of an initiation occurring.

The excerpt from the logic diagram in Figure I-a illustrates the
use of the "inhibit" gate. This gate facilitates the computation of
the probability of the occurrence of A which is the product of B and
C probabilities. The probability of B naturally depends upon the
failure logic below it and is eventually keyed in toc the probability
of the component failures that contribute to B occurring, while the
probability of C depends upon the results of the material response
test and the in-process impact energy. More explanation of the

"inhibit" gate and how the various inputs are developed is given in
this report.

The analysis and construction of the logic model for the reli-
ability analysis are analogous to that of the fire/explosion already
discussed except there are no sensitivity gates for this analysis.
This analysis yielded over 100 modes whose existence would lead to a
no-product condition. These failure modes were distributed between
mechanical, electrical, and human errors. How each of these com-

ponents is evaluated and their impact on the system reliability will
be discussed in Section IV.
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SUFFICIENT IMPACT STIMULUS
PRESENT TO CAUSE FIRE FROM
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II. MATERIAL RESPONSE

This section of the report presents the fire and explosion charac-
teristics of the ammonium nitrate/nitric acid (AN/NA) material which will be
present in the transfer facility. The sensitivity data, expressed in
engineering terms, summarized in this section will be employed in the
Engineering Analysis and Hazards Evaluation (Section III) to determine the
safety margin associated with each potentially hazardous operation and in
the Risk Analysis (Section IV) to determine overall hazard probabilities.
Also included in this section is a discussion of the explosive charac-
teristics of AN/NA in terms of its ability to transit to an explosion when
exposed tp a flame stimuli, as well as its ability to propagage an explosive
reaction. :

A. Ammonium Nitrate/Nitric Acid Sensitivity

Most of the sensitivity data on ammonium nitrate/nitric acid (AN/NA)
employed %n t?g§ analysis was either generated during recently completed
programs 7 for Holston or were available from the Hercules data files.
A summary of all of the sensitivity data employed in the amalysis is pre-
sented in Table II-A.

Both the AN powder and AN/NA solution were found to be relatively
insensitive to the standard forms of initiation, except in the case of
electrostatic discharge. In fact, no ir act or friction initiation counld
be detected even when the highest energy levels available on the testing
apparatus were employed. An amonium nitrate/oil mixture (95/5) was
evaluated in the belief that: (1) oxidizer/organic mixture would be a more
sensitive mixture than the ammonium nitrate by itself, snd (2) such a
mixture could be present in the facility during maintcnance/clesnup of
pumps, etc. However, the sensitivity levels of even this wixture were by.
yond the capabilities of the test apparatus, except for ESD where the TIL
dropped from 5 joules to 0.5 joules due te the presence of the oil. This
difference is not viewed as being highly significant. Testing of the solid
AN/NA oixture (unheated) was not deemed necessary due to the velative
insensitivity cxhibited by pure AN and the AN/oil mixture.

The impact sensitivity data on the AN/NA solution is expressed in
Table IT.A {n terms of an energy rate (ft-1b/sec). From Hercules' extensive
research in explosive testing, it has been found that energy rate is the
engincering term which beat describes the stimulus/reaction characteristic
for {mpact initiation of liquids and slurries. Por the impact iniciation
of solida, in this case AN, the best engineering tevw has been found to
energy per area (ft-1b/in€). :
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Because safety margins (and initiation probabilities) are directly
based upon material response data, it is necessary for exact sensitivity
data to be available if quantitative safety margins are to be calculated.
Since the impact and friction sensitivity data on the anmonium nitrate
and AN/NA solution are expressed as "greater than" values, it will be
impossible in the hazard analysis to define exact safety margins and
quantitative probabilities. This subject will be discussed in greater
detail in Section II-E below.

From the standpoint of electrostatic (ESD) initiation, the AN/NA
solution was found to be slightly more sensitive than the AN/oil mixture
and significantly more sensitive than AN powder. The AN/NA solurion was
tested at 40°C, the approximate process temperature, whereas testing on
the AN and the AN/uil mixture was performed at ambient, simulating clean-
ur conditions,

At the highest level of the impingement testing apparatus, no initiation
was detected. This corresponds to a threshold initiation level of > 730
ft/sec.

The thermal stability of the process materials wust be fully charac-
terized in order tov accurateiy asgess potential cook-off hazards which
may exist in the facility (e.g., pump scal, heated transfer line, ctel)
The decomposition temperature for pure AN is reperted {n the Iitera:uxet )
to be between 230 and 260%C.

In a recently completed prog?am(7). a DEC tracge was run on an ANfoil mix-
ture (95/5) to detevmine what effect, if any, the presence of 3 swall amount
of organic material would have on the thermal stability of ameonium nigrate,
In this test, decowposition occurved just slightly above 2609C, which
indicated that the ovganic material had no significant affect upon AN stability.
The same results were observed whew nitric acid was added to the ANfeil.
These results are applicable to the Transfer system since, during maintenance/
cleanup, organic material such as oil could de introduced into the process
accidentally.

From the thermal data it can b cencluded that significant decompogition
of AN say be expected te ocour in the process should tesperature$ ia eoxcess
of 250°%C oxist. Decowmposition, defined as the geverstion of gases, should
ot result in a five, since pure AN will act burn. The burning characteristics
of AN are duscussed in the nex Asgction. Although AY or AA/MA wili net bum
wheon initiatéd, it is veperted 1M rhat AN/of) mixtures {“Sprongel esplosive™)
are capable of burning and sustaining a transiticn to enplosion.




The gases formed during the decomposition of the AN may include highly
reactive oxidizers, such as No0,. At the relatively high temperatures
required for significant AN decomposition to occur, such gases should react
violently with any fuels with which they may come in contact. This again
points out the importance of keeping oil, grease, and other fuel contaminants
out of the process flow.

B. Sustained Burning Results

An infrared analyzer ("LIRA") was employed in the sensitivity testing
to detect when an initiatior (decomposition) osccurs. If the hazards
analysis were based on this data alone, 4 highly conservative analysis would

result since it would be incorrectly assumed that all initiations (decomposition)

result in an incident (fire). To determine the likelihood of an initiation
being sustained into a fire, sustained burming tests were performed on the
AN and AN/NA materials as part of the vecently coampleted D-Building analysis.(s)

It was found that neither the AN nor AN/NA materials sustained a fire
when ignited by a highly energetic thermite igniter. By comparing the
wmergy required for infclation (threshold initistion level) determined from
the sonsitivity testing, to the energy relcased from the igniter during the
burning tests, an enevgy ratio can be calculated, This vatio is used in
this unglysis as a rough ostimate as to the probability of an iaitiation
sustained into a firve., For AN powder and AN/NA mixture, this probadbility is
calculated to be quite low, about 105,

& discussion of the test nguiptont and proccdures cmployed in these tosts
is included fn the Experimental Sectien (Appendix B).

These test vesulis ave supported by theoretical adisbatic Elume tesperature
caleslations on AN (Appendix D) and Buresu of MNines burning tosts 1l pet fornaed
on pure AN, As noted ecarlier, AN contaminated with oll is repoxted to be
capadble of sustaining a five.

€. Trangitionto.Explosion

One extremely important aspect of waterial response testing is to deteswine
how the AN/NA materials tehave under flame conditions at vavious saterial cone
finements. The transition toyts were vcaducted to deteraine the oaterial
height and confincment conditicas requited for the ligquid and solid (frozen)
AN/HA materials to procote growth frowm an igniticn stimulus to a transiting
explosive tezetion. A typical test setup is showm in Pigure IX.a. The
results of the transition testing are swmarized in Yable 1X-B.

The results ndicate that should a firve develop in the transfer system,
the process materials would not resdily support a transition to explosion.

11-6

P L L




TEMPERATURE [
RECORDER a2

THERMOCOUPLES

INSULATION HEAT TAPE

MNIEE S ¥4 _—TEST MATERIAL

..:;?“‘: ‘f:..‘* .

e NS
! .

i:\“:‘Eﬂ‘:ﬁ:“' E Nk 6 o~ BAG IGNITER
N =

.,
rd
.

L7
'
4

~ S T KR (12 GRANS)

Aoh o
L
.,,’)3..

A

HIGH PRESSURE
PIPE CAP

Figure II-a. Transition Test Set~ip




T R AT RS T TR A A

A IR TR R S ST IV SR RTINS, TR IWTTTENTER LT ST TR o ko

No transition was observed in any of the *:sts v-~inf a 4" diameter
Schedule 40 pipe at a material he?3ht of 24" in che pipe. Tests were
run at both 70°F (solid) and 1057 (liquid) to represent cleanup and
operating conditions respectively.

These results are in agreement with previously completed transition
test performed at this laboratory on several grades of solid AN. 1In
these tests, no transition was ohserved in 2" and &' diameter pipes
containing up to 48" of solid AN, -

TABLE II-B

TRANSITION TEST RESULTS

Test Confined Confined
Temper-ture Diameter Height .. Results

AN/NA liquid EDogF 4 24" Nc reaction

L0071 4" 24" No reaction

100°F 4" 24" No reaction
AN/NA solid 700% AL 24" No reaction

700F 4t 24" No reaction

700F 4" 24" No reaction

D. E-plosive Propagation

Propagation tests were performed on the AN/NA mixture to establish
the critical diameter below which the material would not propagate an
explosive reaction when exposed to & det:mation shock., The results of
these tests are used in determining overall system risk, in terms of an
explosion In one area of the facility propagating into other areas.,

The test results, summarized in Table II..C, indicate that the critical
diameter of the confined AN/NA material is between 3" and 4", That is, an
explosion occurring in a 3" diameter pipe in th. transfer system will not
propagate along the pipe wherear a1 4" diameter pipe containing AN/NA will
support an explosive propagation.

There is ouly one area in the facility, as currently designed, which
will contain piping >3" diameter. This is the process piping connecting
the new storage tank with the new pump house. By employing a 3" diameter
pipe (or possibly two amaller pipes) in place of the 4'" pipe, the pro-
bability of awn explosion propagating through this pipe would be greatly
reduced,

3




SN TR e T TR T R s e T e T T Ty R T A I e S LT R

TABLE II~C

EXPLOSIVE PROPAGATION (CRITICAL DIAMETER) TEST RESULTS

Test Critical
Temperature Diameter
Material ¢cn (inch) Results
AN/NA 100 2 No propagation
" 100 3 No propagation
" 100 3 No propagation
" 100 3 No propagation
" 100 4 Propagation, small pipe pieces

¥. Initiation Probabilities

Material response data must be treated statistically (i.c., "what is
the prcbability of an initiation at certain input energy levels?") so
that material response im probabilistic terms can be applied tu the logic
model at the "inhibit" gates to facilitate a quantitative amalysis of the
gystem logic model. Normally, sensitivity data are plotted on probability
paper showing the probability of initiation (percentage of shots) as a
function of the amount of stimuli input to the test material; the higher
the energy input, the higher the percentage of shots.

This statistical technique has only a limited application to the
ammonium nitrate or AN/nitric acid test data since initiations were not
detected, even at the highest energy test level, when these materials were
exposed to impact and friction stimuli, Only in the case of ESD stimuli
were initiations at different test levels detected. Thus, in cases
involving impact c. friction process conditions, exact initiation pro-
babilities (as well as safety margins) could not be accurately established,

In cases where in-process impact or frictional energies are higher than

the maximum energy level available from the test apparatus, it 1s assumed
in the analysis that an initiation probability of 1.0 would exist (with no
safety margin existing). In cases where in-process energies are lower

. than the maximum test level, initiation probabilities are estimated,
p . 8 assuming: (a) the threshold initiation level (TIL) of the material
S corresponds to the maximum test level, and (b) the relationship between
A percentage of shots and energy levels (i.e., the "probit slope") is

' ,i : similar to that of other explosives, such as RDX. A line, with this probit

o slope, is drawn through the data point corresponding to the assumed TIL of
i the material. The assumptions employed in the estimation of initiation

. probabilities are viewed as being conservative in nature in the sense that b
actual initiation probabilities are likely to be less than those presented
in this report.
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III. ENGINEERING ANALYSIS AND HAZARDS EVALUATION

A, Introduction

The objective of this evaluation is to determine quantitative safety
margins associated with each potentially hazardous operation (normal and
abnormal) of the facility. A safety margin, defined as

required (material response) energy - 1,
available (in-process) energy

is useful in pointing out those situations, among all of the potentially
hazardous events, which are likely to be more hazardous than others if
they were to occur. However, in order to assess each potential hazard
in terms of risk (expected loss), each event must be evaluated on a
probabilistic basis. Such a probabilistic study has been performed and
these results are presented in Section IV, Risk Analysis.

B. Summary and Conclusions

R The hazards analysis identified several operations (normal and abnormal)
AETEE where no or only marginal safety margins exist. These situations involve,
Ly for the most part, operation of the process pumps where extreme in-process
. energies are capable of being generated. Under these conditions, the
SN material response data are such that, due to the relative insemsiiivity
TR of the process materials, it can not clearly be demonstrated that a safety
A margin exists. The likelihood of an initiation of AN or AN/NA being
F - 3 sustained into a fire, as discussed in Sectioa II, is quite small, Should
R a fire occur in the system, it is concluded from the transition-to-
explosion test data that the incident would not normally develop into an
explosion,

A detailed discussion of the Enginearing Analysis and Hazards Evaluation
.. performed on the system is presented below. The incident probabilities
SRS asgociated with the potentially hazardous events identified in this analysis
' were determined as part of the Risk Analysis portion of this program.

- o C. Analysis of Subsystems

E The ammonium niirate/nitric acid storage and transfer system basically
E consists of two separate Tank Farms (three tanks each) which are both fed
by a 3" diameter, impedance-heated transfer line. Several pumps (in
3 parallel) which feed the transfer line, arve supplied with product from a
1 R 20-foot diaw "er storage tank, Material is pumped into the storage tank
- 3 via the existing pumphouse, containing two parallel pumps. To maintain
g i{ the product temperature above its freezing point, the transfer line is




impedance heated and the other conmecting piping is steam traced. The
storge tank is equipped with a heat exchanger (as well as an auxiliary
bayonet steam heater), each of the six tanks at the tank farms has its
own steam bayonet heater, and the existing and new pumphouses are steam
heated. All tanks and lines are insulated with CaSi0,.

1, Process Pumps

At the present design stage of the facility, the selection of a
particular pump model to be employed in the new pumphouse has not been
made. Analysis of the two candidate pumps, Durco Sealmatic and Wilfley,
indicaete that similar in-process energies would exist for the operation
of the two pumps. Thus, safety margins are concluded to be similar.
However, it 1s impossible to calculate quantitative safety margins for
many of the potentially hazardous abnormal situations which may occur
during the pumping of the AN/NA material since exact frictional and impact
energy levels at which this material (or solid AN) will initiate could
not be determined. From previous material testing, as noted earlier,
solid AN and the AN/NA material have been found to be relatively insensitive
to impact and friction stimuli. The energy levels at which the materials
initiate are beyond the energy test level of the laboratory test equipment.

The in.process potentials associated with the centrifugal pumping
operations are relatively high and, for the most part, beyond the capability
of the laboratory test equipment., A valid analytical technique, applicable
to the frictional hazards evaluation of most pumps, is to extrapolate the
material response data obtained at several lower velocities to cover a
higher range (corresponding to impeller or shaft speeds). This technique
is not possible in this particular evaluation since the required pressure
levels at the lower velocities are beyond the capability of the test
equipment, A similar situation exists, in this particular case, for impact
stiuations such as impeller/pump housing or foreign object.

Thus, quantitative safety margins can not be calculated for many
of the potential hazards involved in the pumping operation. In such cases,
it has been conservatively assumed in this analysis that no safety margins .
would exist. These situations include:

(1) Friction or impact between impeller (repeller) and housing

(2) Friction or impact between impeller (repeller) and foreign
object

(3) Friction between impeller and deposited AN

(4) Rubbing between mechanical seal surfaces
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In the above situations, where no safety margins are concluded to exist,
the probability of a fire occurring in the pump will depend upon the
probability of the initiating event occurring (normal or abnormal) and
the probability of the initiation being sustained into a fire. Of the
situations listed above, only the one involving rubbing at the mechanical
seal will be a normal condition, '

For the Durco and Wilfley pumps, rubbing at the mechanical seal
interface will only occur during pump startup and shutdown, assuming the
pumps are operating as designed. During shutdown, contact at the Durco
pump seal begins when the power to the pump is cut off (via solenoid
interlock) whereas for the Wilfley pump, seal contact does not occur until
the rotating speed of the impeller has slowed (via mechanical governor
and spring). In the analysis of both pumps, it has been assumed that
velocities at the seal interfaces during contact correspond to the maximum
operating velocity of each pump.

Since the mechanical pump seals will not be flushed, solid AN
should gradually build up in the seal area. Rubbing in the seal area re-
presents both a frictional and thermal initiation hazard. The frictional
in-process potential is 22,000 psi at 14 ft/sec for the Durco pump, this
pressufizcorresponding to the compression yield strength of the carbon
ingert ). For the Wilfley pump, an in-process potential of 3,000 psi
(teflon yield strength) at 14 ft/sec would exist, The available material
response data on AN indicate that the initiation level is »120,000 psi
at 8 ft/sec. fsgm these data, a safety margin can not be calculated.
Previous work( at this laboratory on mechanical pump seals has indicated
that high temperature (> 200°C) can rapidly develop in on-flushed seals,
which will be the case here. Ammonium nitrate begins to decompose around
230°C, based on DSC data generated at this laboratory amd reported in the
literature (Section II). Thus it is concluded that decouposition of AN
will normally occur in the mechanical seals of the protess pumps presant
in the facility,

The probability of a fire occurring in the seel area, as a result of
friction initiation or thermal decomposition of the AN, is regarded as
being quite low based on burning tests performed on AN and AN/HA. MNowaver,
should an organic contaminant, such as oil, be¢ present in the pump seal
area, the chance of a fire occurring as a result of AN initiation is
mch greater,

Based on the transition-to-explosion test data on golid AN and the
AN/NA material, should an initiatiom occur in a process puwmp and be sus-
tained into a fire, the fire would not transit to an explosion. As noted
in Section I, the process materials were found not to exhibit a transitica
capability, under the test conditions examined.

IXI-3
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2, Plug and Ball Valves

Durco "sleeveline" plug valves will be employed in the pumphouse and
storage tank areas. They may also be present at the two Tank Farms, although
Jamesbury ball valves are also possible candidates for use in this area.

Comparison of the in-process energies, which may occur during the
normal and abnormal operation of the plug and ball valves to the material
response data on the process raterials indicate positive safety margins to
exist. This 1is attributed to the relative insensitivity of these materials
to friction stimuli and to the small in-process potentials which will exist
during the operation of these valves.

AT e ot

Comparing the two valves, Durco plug versus Jamesburg tall, it is
b~ concluded that similar in-process potentials will be associated with the

] T~ normal and abnormal operations of each valve, This is due to their clese
similarity in design, materials of construction, and operation.

;?; 3. Globe and Pressure Relief Valves

One globe valve (split body) will be employed at each of the six
tanks comprising the G-3 and C-7 Tank Farms as an automatic (air actuated)
level control valve. In addition, each tamk will have its own pressure
relief valve,

Selections of particular valve models have not boen wade ac this
4 particular stage of the facility design. Thus, the analysis was porformed
. B on the operation of globe valves and relinf valves, in geaetnl.

A comparison of in-process potentials to waterial rasponse data
indicate that positive safoety margins will exist during the sormal and abnormal
operation of the globe and relief valves, This can again be attributed to
the relative insensitivity of the process materials to friction aml impact

5 stimuld and to the swall in.process ocucrgics associated with the oeration
. 3 of the valves.

As discussed earlier, should a fire occur in one of these valves,
a transition-to-explosion would not be likely, based on the transition
tests porformad on tho process materials.

&, Yeated Transfer Lites (Electrically and Steam Heated)

The only initiation mode cotson to both the impedance-heated and
steam traced transfer lines is thermal initiation of ammonium nitrate re-
sulting from an abeormsalily high heat input which goes uncorrected. A
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failure in either type of heating line has the potential tu cause significant
AN decomposition, although a serious fire (or eitplosion) hazard would only
exist if the process materials were contaminated with organic materials,

such as oil, The system failures leading to the presence of critically

high product temperatures and their associated proabilities are evaluated

in Section IV.

Another potential hazard, unique to the operation of the impedance-
heated transfer line, is possible ESD initiation caused by an electrical
short. Sufficient ESD stimuli from a shorted heating wire would be available
for initiation. However, assuming a short does occur, process materials would
not normally be exposed to the ESD stimuli. Pipe rupture or poor cleanup
operations are two modes by which such exposure could occur. The probability
of a fire or explosion occurring under such abnormal conditions 1is discussed
in Section IV,

An additional potential hazard associated with the impedance-heated
transfer line is the possibility of an electrolytic reaction occurring
inside the pipe as a result of current flowing through the AN/NA solution
inself., Calculations, based on reported 19 resistivity values for the 2
process piping and AN/NA, indicate that a relatively small current (~10-
apps) will pass through the AN/NA solution during normal operations. The
nature and amount of gas(es) liberated as a resuvlt of this electrolytic
reaction can only be determined through laboratory testing which simulates
actual process conditions, Similar tests would also have to be performed
to determine corrosion and product degradation effects., This testing was
deemed outside the scope of the present analysis. Because the curreat
flowing through the AN/NA will be relatively small, only minute (1f any)
amounts of gas will be evolved., If the gases were flammable and were,
for example, to gather in a downstream storage tank, an explosion potential
would be setup. (An igonition source would be necessary before an explosion
would cecur)., Once the nature of the gas evolution has been determined,
flammability tests on the gas mixture could be performed to determiuve if the
gases represont a fire or explosiom hazard.

As stated earlinr, the quantity of gas forwmed i{s expected to be
rolatively small, For oxample, assuming hydorgen were evolved as a rosult
of the current flow, approximately 70 in” of gas would be forwed during
a 24-hour period. )

5. Cleanup Operations

Only goneral cleanup procedures, such as the disasscobly of valve
flanges, were evaluated in this program since specific or detailed procedures
were not availsble for review.

I1X-5
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Under normal cleanup conditions, positive safety margins were
found to exist, However, under abnormal conditions several situations
were found where either no safety margin would exist or where it was
n B impossible to calculate a safety margin, due to the nature of the
material response data, as discussed earlier., Included in this latter
f % 3 category are such abnormal situations as: (1) dropping a tool (wrench)

- onto a contaminated area, or (2) stripping a contaminated flange bolt.
Included under the former category is the possibility of charge buildup

‘3 on an ungrounded person resulting in the ESD initiation of the AN/NA

¢ material. Under this abnormal condition, a maximum in-process potential

2 energy of .09 joules could be available, compared to a threshold initiation
N level of .075 joules for the AN/NA material. The overall probability

3 of an incident occurring under the above abnormal cleanup conditions will

3 be discussed in Section IV,
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IV. RISK ANALYSIS

A.  INTRODUCTION

This analysis is concerned with quantifying the risks associated
i with the operation of the ammonium nitrate/nitric acid storage and
A transfer facility, as currently designed. In this analysis, expected
. '@ risk has been divided into two general areas: (1) loss of operation
E O\ due to system failure (reliability), and (2) equipment damage and/or
E personnel injury (fire/explosion). To determine overall probabilities,
N a system logic model was constructed and simulated, resulting in the
\ 5 identification of single failures or failure combinations which would
: result in an undesired event, in terms of reliability or fire/explo-
sion. Once identified, each critical failure mode was evaluated to
determine the probability that that particular mode would occur during
some operating time period. Each of these probabilities were then
sumned to determine the overall probability of failure.

The results of the risk apmalysis are summarized below, followed
by a detailed discussion of the anglytical techniques employed in
the analysis,

B. SUMMARY AND CONCLUSIONS

1. rire/Bxplesion Hazards

The analysis indicates that there is a 1.1 x 1078 probability
of a catastrophic event {explosion) occurring in the facility during
- 90 days of operation. This velatively low probability is attributed
. to the inability of the process materials to support 2 transitioun-to-
2 explosion reaction when exposed to a flame stimuli. Contamination of
the AN/NA solution with large amounts of orgaunic material, such as,
C 3 oil, grease, etc. could set up an explosive potential in the facility
- due to the in situ formation of a Sprengel oxplosive. However, a
3 flame (sustained initiation) source would then have to be availdble
under these conditions before an explosion could cccur.

The rast prebable location for an explosion in the facility

{s at the Hear Exchang: area. Rapid AN decotposition (gas cvolution)
3 or vaporization of nitric acid in this totally confined area, resulting
. from abnormally high process temperatures, could cause the buildup of
explosive pressures. By wmonitoring the product tewperature at the
3 Hoat Exchanger, the overall probability of a catastrophic event
. occurring in the facility would be reduced by several orders of mag-
nitude,
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The probability of an incident (fire) occurring during 90
days of operation has been determined to be 1.1 x 10~3. This low
incident probability is basically due to: (1) the relative insen-
sitivity of the process material to standard forms of initiation, and
(2) the demonstrated inability of the process materials to sustain a
burning reaction when exposed to a highly energetic ignition source
(sustained burning probability of 1077)

Normal rubbing in the mechanical seals of process pumps during
shutdown or startup contributes over 907 to the 1.1 x 10-3 incident
probability. For both the DURCO and Wilfley pump models, contact in
the seal area will only occur normally during startup or shutdown.
During such contact, sufficient frictional and thermal stimuli will be
present to cause AN decomposition. However, due to the low sustained
burning probability, a relatively low overall incident probability
is calculated.

Other situations in the facility were found te be likely
sources of AN initiation. However, these conditions were all abnormal
(event probability < 1) and were found not to contribute sigunificantly
to the overall 1.1 x 1077 incident probability. Many of these were
associated with the abnormal operation of the process pumps (impeller/
housing friction, etc.) where relatively large ia-process potentials
were available.

The impedance heated 3" transfer line was not found to be a
siguificant contributor to the overall incident probability associated
with the proposed eperation of the facility. The overall probabilicy
of a five occurring in the line as a vesult of a themmal fnitiation of
the AN has been calculated to be 8.3 x 10710, A heating fatlure(s)
would have to occur cud go undetected before sufficiently high product
temperatutes Lo cause decomposition wuld be available. The resultant
AN initiation would have s very low probability of being sustained
into a five, unless significant amounts of organic matorial vere present
in the process stream. :

The fire/explosion Risk Analysis is briefly summarized in
Table IV-A. The significance of the analysis, in terus of possidble
design wodifications, fs discussed in Section V, Tvradeoff Study.




Table IV-A

Process Risk Summary - Fire/Explosion

Overall Probability
Incident(l) catastrophe(?)

Tank Farms (C-3 and C-7) 8.3x108 1.2x108

Transfer Line (Electrically Heated) 8.3 x 10-0 8.3 x 10-16

New Pump House 6.0 x 1006 6.0 x 10-12
Storage Tank and Heat Exchanger 1.1 x g6 1.1 x 1076
Existing Pump House 4.0 x 1078 4.0 x 10712

Total 1.1 x 1073 1.1 x 10-6

(1) 1Incident: Fire resulting in slight equipment damage and/or
ninor persornel injury.
(2) Catastrophe: Explosion rvesulting in major equipment damage
and/or severe personnel iunjury.

2. Reliabilicy

o bricfly summarize the results of tha reliability evalua~-
tion, it h2s been determined that there is an avexage probability of
18 of having owe failure (leading to wo product from both Tank Farwms)
occurring during %0 days of operation assuting no waintenawce is por-
formed duriang this time period.

The reliability portion of the logic model was constructed
based on the presently conceived design and operation of the facilitvy,
Uetilizing available conponent faflure rate data, as rveported in me.({‘)
and operator errsr data (froa Hercules' operational files), the
probability of a critical system failure cccurring was obtained through
simulation of the logic wodel. A critical fatlure in this avalysis has
been defined as ouve which, if it were to ctcur, would resule in nwo
preduct awailable from both the C-3 and C-7 Tank Farms. Table IV-B
pressuts a brief sumeary of the Relilability Analysis.
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The three-inch transfer line contributes almost 50% to the
overall .18 failure probability. A failure in any one of the ten
heating units in the three-inch line could ultimately result in the
shutdown of both Tank Farms since excessive or insufficient heating
could cause a secondary pipe failure (corrosion) or bloclage (product
freezing), respectively.

The compowents in the facility which have the highest reported
failure rates are automatic contreol valves and pumps, Since parallel
or auxiliary pumps are present throughout the facility, two or more
failures would have to coexist before a critical condition would resuit,
This is also true of the level control valves in the two Tank Farms:
at least one valve in each Tank Farm must operate improperly before a
shutdown of both farms would result. However, a single (open) failure
of the temperature control valve (TCV) at either the heat exchanger of
the auxiliary heater (20 ft storage tank) could necessitate a shutdowm,
if no manual valve were preseat in the steam lines feeding these TCV¥'s.

Many of the electronic sensors, controllers, etc, utilized in
the facility are critical to the operation of the facility in the sense
that a siegle failure could lead te a shutdown of both Tank Farms.
Bxamples of this situation ave the electrical components present in the
heating units of the three-inch transfor line, as wontioueau earlier.

Table IV-B
Process Bisk Summary - Reliability Bvaluation

Average Probabillity of
Failure During 90 Bays

Suhsvsten Qperation
Both Tank Parus 0198
3 Transfer Line 0836
New Pump ilouse 0278
20' storage Yank ' 0268
Existing Puxp House 20455

Overall Average .183%

Probability ot Failure

Operator orrors will also have a significout influence on che
overall rolisbility of the transfer systea. Such errors include:
taflure te open or close valves as required, isproper adjustment of




pumps, failure to notice warning lights/alarms or to take subsequent
corrective action, failure to follow prescribed cleanup or maintenance
procedures, etc. The deleterious influences which operator errors will
have on the system reliability can be minimized through proper traicing
and supervision. With respect to increasing system reliability by
reducing mechanical or electrical component failures, several preventive
actions are available; e.g., component redundancy, design or procedural
modifications, availability of spares, etc. These options will be dis-
cussed in a later section of this report (Sectiom V).

Presented in the following section is a detailed discussion of
the fire/explosion and reliability evaluation performed in the Risk
Analysis.

C.  FIRE/EXPLOSTON EVALUATION

In this analysis, the probability of a fire or explosion sceurring
during the normal and abnormal aperation of the AN/NA storage amd
transfer facility was determined. 1In this manner, the visks associated
with the operati on of the facility can be evaluvated. Should this risk
level be found unacceptable, possible corvective action, such as modi-
fylug procedures, redesigning equipment, incressing proaventive
maintenance, etc., ¢an be evaluated in a cost tradeoff study (Section V).

The procedure employad in determining fire and explosion probabil-
ities is presented below, followed by o discussion of the resules for
cach of the subsystems couprising the facility.

1. Probabilistic Approach

a. luocident Probabiliey

Aa iacident in this analysis iz defiued as the vccurrepce
of an initiation vhich {8 sustaiwed into & fire, resulting in loss of
produ i and/or perseauvel iujesy. The probadility of an incident at a
particular poiat in the facility cav be caleulated by firse identifying
the saparate events which ave necessary to cause the {ncident (via the
Jogic model), and then deversining the prodability of cach of the events
existing av the same tine. In cguation forwm, the prodability of a
siogle {ncident (e.g., fire in tank) can be expressed as;

Pp = G Ip¥P
shore: Pp = probability of the incident (fire)

By = probability of the imitiating event occurring




L2}

probability of combustible material present

probability of cnitiation

o
0

probability of the initiation being sustained

o]
©
1]

e
B

frequency of occurrence
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Each of these terms, as applied to this evaluation, is discussed separately
below.

The term "Pp" is techmically an expectancy value, as opposad
to an actual probability, since frequency (F) is incorporated imto the
above equation. However, for simplicity, Pp will be termed a
probability value throughout this report. The analysis itself is not
altered when this nomenclature is employed.

1 Initiating Bvent (Ep)

All credible events which may lead to an initiation are :
identified by the construction and simulation of the logic model. The |
probability of an event occurring (e.g., impeller impacts pump housing)
will generally either be time-depewdent or time-independent.

Time~dependent avents consist of compounent failures and the
probabilities of these eveunts vecvrring ave based on the failure rates ;
of the particular cemponents. A component failuve rate, typically 1
exprossed in terms of failures per millioun operating hours, i signifi- S
gantly iafluenced by the actua! enviromnment in which the component nust
operate. ,egceptable failure vate data wmay be found in such data banks
as FARADASY) or wonelectric fatlure rate published by ROME Atr Develops
ment Conter.(3)  the data frow these sources have been tabulated from
actual operating vecords., However, the actual falluve rates of
components present ir a given system will wot necodsarily be the saue,
duo to differences in operating ouviromments,

Time-independent events can gencrally be classified as
either those which oecur normally during an operation (probebdility
ejual to one) or those which occur as a_result of human ervor during
the operation (probability equal to 10°3). This 1073 value for the
probab:lity of human error, derived from Hevcules' ¢;~rativmal records,
oeane that out of every 1,000 operations which the opesrtor perforas,
an average of ond error cau be expected.

)
3
S
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The above discussion of event probability (both time-
dependent and time-indepeudent) applies equally well to both the
fire/explosion analysis and the system reliability prediction.

2 Combustible Material

This is the probability that combustible material will be
present in the area when the initiating event occurs. There are a
variety of modes by which combustible material could be preseunt in the
area of the process under evaluation. These can be generally divided
into three cases: (1) normally present (probability equals one),
(2) present due to operator error (time-independent, probability
equals 10‘3), or (3) present due to component(s) failure (time-
dependent, probability based on component(s) failure rate). Examples
of the three cases above are, respectively: AN/NA material in pump
during normal processing, contamination of the area during cleanup,
and contamination of valve stem due to seal failure. In some cases,
the occurrence of both a component and operator fault is required in
crder for combustible material to be present. In addition, there are
instances where the particular fault causing the initiating event to
occur is also responsible for the presence of combustible material
(i.e., common cause failure). 1In these cases, the probability of the
combustible material being present is taken to be one, given that the
initiating event has occurred.

3 Initiation (Ip)

This is the probability that an initiation will result,
given the occurrence of the initiating event (e.g., impelier strikes
housing) and the presence of combustible material. An initiation is
used in this analysis to mean a decomposition reaction detected by the
use of an infrared detector ("LIRAY) during material response testing.
The probability of an initiation occurriung is determined by comparing
in-process potentials to material responce data expressed in probabil-
istic form. This is accomplished by the utilization of the probit
technique which has already been described in Section II. In cases
where in-process energies are greater than the TIL energy, an
initiation probability of 1.0 is conservatively assumed,

4 Initiation Sustaimment (Pp)

This is the probability that a sustained burning (fire) will
result, given an initlation. This probability is based on supplemertary
material response testing detasiled in Section II. For the AN and AN/NA
materials, a sustainment probability of 1 x 10-6 is employed.

1v-7
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5 Prequency of QOccurrence (F)

The frequency factor takes into account the number of
times the potential initiation event occurs during the 90-day opera-
tional time period. 1In situations involving continuously occurring
events (e.g., rotation of agitators or pumps) the frequency factor is
defined at 1.0 whereas in cases involving discrete operations or
cycles (e.g., closing valve, etc.), then the factor is computed from
the number of times the potential initiating event occurs during the
90-dav operating period. In this regard, frequency values in this
analysis have been based on the facility being started up, operated
for 90 days, then shut down to perform the cleanup and maintenance
procedures.

b. Catastrophe Probability (Pcat)

Ouce the probability of a fire resulting from a particular
operation in the process has been calculated (Pp), the probability of
a catastrophic event (Pggt) occurring from this fire can be determined.
In order to do so, the ability of the combustible material to transit
to an explosive reaction must be known (Rp)' A catastrophe is defined
in this analysis to mean an explosive reaction occurring in the facility
which would lead to extensive equipment damage and/or severe personnel
injury. The probability of a catastrophe occurring at some location
in the process is calculated by multiplying the incident probability and
the explosion potential together: Pcat = PpRp.

The explosion potential has been ccncluded in this analysis
to be nearly zero (< 10'6) in cases where normal process materials are
exposed to a flame stimuli. This conclusion is based on transition
test data which have been summarized in Section II. This is not to
say, however, that the generation of explosive pressures in the facility
is an absolute impossibility.

For instance, should the AN/NA material be exposed to
elevated temperatures, explosive pressures could build up if the vapori-
zation rate exceeded the vent capabilities of the component (e.g., tank)
under consideration. Similarly, exposure of solid AN to elevated
temperatures (resulting in decomposition) could result in a rupture if
the decomposition gases generated were not adequately vented. In this
latter example, there is considerable evidence that the rate of AN
decomposition increases with pressure as well as with temperature.(lo’la)
Thus, the rate of decomposition will accelerate as pressure from the
inadequately vented gases builds up.

Using the equations and definitions summarized above, the
probability of a fire or explosion occurring in the facility during
normal and abnormal operations has been calculated. A discussion of
the results is presented below,

Iv-8
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2. Fire/Explosion Results

a. Tank Farms (C-3 and C-7)

The C-3 and C-7 Tank Farms consist of a total of six steam
heated tanks, each having three valves: block, level control, and
pressure relief. The analysis indicates that there is an overall
probability of 1.2 x 10-8 of a catastrophic event (explosion) occurring
at the Tank Farms during a 90-day operating period. Essentially 1007 of
this value is associated with ithe buildup of potentially explosive
pressures in a tank(s) due to a critically high product temperature
(nitric acid vaporization). This would require: (1) failure of both
the steam heating system and pressure relief valve of the tank, and
(2) the abnormzlly high temperature (or pressure) to go undetected.

The overall probability of a fire originating at the Tank
Farms has been determined to be 8.3 x 108, Most of this probability
is associated with the disassembly/assembly of process valves during
cleanup or maintenance operations. The normal or abnormal operation of
the valves, in general, were found to contribute only marginally to the
overall incident probability. This is attributed to the relatively
small in-process potentials which will be available., 1In the analysis,
it was assumed that each valve would be cycled once each day and would
be disassembled once every 90 days.

‘ The steam tracing operations contribute about 107 to the
overall 8.3 x 10™8 fire probability. The probability of a high tempera-
ture occurring in one of the steam traced lines is about 6.9 x 10-3
(initiation probability) although a thermal initiation is unlikely to
be sustained into a fire, unless organic contaminants are present in
the process material.

A summary of the fire/explosion probability analysis per-
formed on the Tank Farms is presented in Table IV-C. Tables IV-D
through -G sumrarize the individual analyses performed on the block
valve (DURCO plug of Jamesbury ball), level control valve (split body
globe), and pressure valve present at each tank.

Table IV-C

Fire/Explosion Probability Summary
for Tank Farms C-3 and C-7

Catastrophe
Incident (Iire) (Explosion)

Equipment Probabil ity Probability ?
Block Valves (6) 5.7 x 10”8 5.7 x 10-14
Globe Valves (6) 3.5 x 10°9 3.5 x 10-15
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Table IV-C (Continued)

Fire/Explosion Probability Summary
for Tank Farms C-3 and C-7

Catastrophe

Incident (Fire) {Explosion)

Equipment Probability Probability
Relief Valves (6) 3.0 x 1077 3.0 x 10-15
Steam Tracing 6.9 x 10°° 6.9 x 16713
Tank Heater (6) 1.2 x 10°8 1.2 x 10°8
Total 8.3 x 10°8 1.2 x 10-8

b. Transfer Line (Impedance Heated)

The 3" transfer line feeding into the C-3 and C~7 Tank
Farms will be electrically (impedance) heated using ten individual
heating units (thermostat, transformer, etc.). The amalysis indi-
cates that theve is a relatively low probability of 8.3 x 10710 of an
incident (fire) occurring at the transfer line during a 90-day operat-
ing period.

The design of the transfer line is such that in order
for a sufficient thermal initiation stimulus to be available, failures
in both the heating syetem and temperature monitoring system would
have to coexist. The probability of such a condition occurring has
been determined to be quite low (8.3 x 1077) due principally to the
independent operation of the two systems. Given an initiation, it is
unlikely that a burning react.lon would be sustained or that the
resultant fire would transit into explosion, as discugsed earlier.

Another potential initiation mode is electrostatic dis-
charge from a shorted heating wire. The overall probability of an
initiation occurring vis this mode has been determined {3 be 1 x 10“6.
which corresponds to an incident probability of 1 x 10°*“.

Should an electrical short or ground failure occur during
transfer operations, exposure of the process materials to the ESD
stimulu would not occur, unless a pipe failure (rupture) also existed,
Simclcaneous failures of this nature would most likely be caused by
vehicular accidents, falling trees, which result in severe line damage.
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During cleanup operations, accidental spillage of the
corrosive process materials upon heating wire circuitry could result
in insulation failure and potential exposure of materials to ESD.
However, current would not normally be on during clesanup and, as such,
an ESD stimulus would not be available. Failure to clean up spilled
materials prior to line startup could result in initiation in shorted
areas. Employment of a protective covering over exposed equipment
during cleanup operations is recommended as a simple means of reducing
the likelihood of an incident occurring as a result of corrosion damage
during poor cleanup procedures. These failure modes do not contribute
significantly to the overall 8.3 x 10710 jncident probability associated
with the transfer line.

c. Pumg Houses

An overall probability of an explosion occurring during the
90-day operation of the new pump house (three pumps) has been deter-
mined to be 6 x 10‘12, and for the existing pump house (two pumps) it
is & x 10712, Operation of the process pumps were found to be the only
significant countributors to these probability values.

As outlined in Section IXI, initiation (decomposition)
will normally occur in the wechanical scals of the process pumps (Wilfley
or Durco models). However, initiation of process materials in this area
will not readily be sustained into a fire and a transition of this fire
into an explosion would require an abnormal condition (orgamic contaminant
of process materials) to exist. These two Factors together result inm
the rolatively low overall explosion probability quoted above.

Bocause initiation will noxrmally occur in the pump scals,’
abnonmal pump operations (Maopeller stvikes housing,™ ete.) ov valve
oporations do unot coutribute significantly to either the fire or explo-
sion hatard probabilities. No significant differeome, in torms of
incident probabiiities, was found between the operation of the Wilfley
wodel and Durco "Sealmatic* wodel pumps.

The hasards evaluation performed on the operation of the
process pumps is summiarized in Table IV-H. :

The {ntroduction of organic material into the process flow
can significantly increase the ability of the process material to sustaia
an initiation into a fire and support a transition to explosion,

Operator crror during the waintenance of the process pumps represeats
the most probable wode by which oil, grease, etc. could sccidentelly be
introduced iuto the system. When writing cleanup and maintenance pro-
cedures, particular emphasis should be placed upon the avoidance of such
errots.
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d. New Storage Tank (with Heat Exchaager)

Process material in the new storage tank will be circulated
through a heat exchanger to make up for heat loss during storage. The
operation of the storage tank/heat exchanger system ccatributes
essentially 100% to the cverall 1.1 x 10~¢ explosion probability asso-
ciated with the 90-day operation of the entire transfer and storage
facility.

A catastrophic poteatial exists iu this area should
abnormally high process temperaturas be generatsd w9t the hest exchauger
and left uncorrected. Siguificunt vaporizstion of the process llquid
(nitric acid) as well as AN decomposition could occur under tuch
abnormal temperatures. If not corrected, explosive pressures could
build up in the enclosed storage tank and heat exchaager.

The failure of either the temperature transwitier {1T-3)
at the storage tank or the temperature indicator/controller (T1C-3)
which signals the heat exchanger could result in both a critically
high process temperature and no corrective action taken. Por cxample,
failure of T¥-3 could result in a false "low tegperatura™ signal to
TIC-3 which, in turn, sends a “heat" signal to the heat exchanger.

The operator, observing the temperature on T16-3, would be unawvare of
the critically high process temperature. Assuming product was flowing
through the impedance-heated transfer line (i.e., Tank Faxws not £ull),
the abuormal product temperature could potentially be decected by an
operator on the line's temperature indicator. However, shutdoswn of the
heat exchanger would certainly not be an automatic decision and could
well be delayed while the transfer line is examined. Similariy, if the
Taunk Farms were full (o product flowing through the tradsfer line), the
abnormal temperature in the now storage tank/heat exchanger would wot

be discovered.

The probability of explosive pressures building up in this
arca can be reduced by several orders of magnitude by monitoring the
temperature of the product fwmediately downstresm of the heat exchanger,
The temperature fndicator (separate from TIC-3) could be installed on
the master control panel. In this smanner, failure ¢f efther TT-3 or
TIC-J could not, by itself, set up a potentially catastrophic comdition,
As an addicional safeguard, a pressure relief valve should be installed
on the unvented storage tank.

If sufficient explosive pressuve wore ailoved to build up
to rupture the storage tank, this would constitute a Class IV haravd
under NUCOM regulation 385-22. Severe equipment damage would result
and serious bodily injury Erom projectiles would occur should per-
sounel be in the immediate tank avea. .
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Monitoring of the heat exchanger temperature would not only
reduce the overall cxpleosion probability, but would also reduce the
likelihood of excessive corrosion or product blockage (freezing) occurring
as a result of abnormal process temperatures which go uncorrected (see
Reliability discussion).

D.  RELTABILITY EVALUATION

The objective of this evaluation is to determine the overall
probability of loss of operatiom occurring in the AN/NA trausfer system.
Loss of operativn has been defined in this analysis as no product from
both Tank Farms €-3 and C-7 for any length of time during a 90-day
cpersting period.

The results of the reliability evaluation indicate that there is
an average probability of .18 that at least one failure will occur
(meschanical, electrical, or human) during the 90-day operatior of the
transfer system which will result in no product from both Tank Farms.

The reliability evaluation utilized a system logic model to identify
all critical failure modes which could lead to a loss of production.
Ouce identified, the prebubiklity of these critical failures accurring
were calculated based on typical comporvent failure race dags reportad {n
the literature, (%:3) and hupan failure rate data devived from Kercules'
operational files.

The generzl results from this amalysis, preseated in Section 1V-B,
will not he swmarized here. Instead, in the vemaining sections, the
probabilistic approach ompleyed in the analysis will ke discussed
folloved by detatled discussions on the avalysis peuformad on the various
subsystems comprising the eransfor systeém.  The seliabiliry sectivn will
be folluwed by a discussion on hew to best {ucrease overall systom
veliability (Section V).

1. Probabilistic approach

As outlined earlier, the constrpction and subsequent siusitartion
of the logic wodel results in the identification of all failure wmodes
(single faults er in comdination) vhich are critical to the wperation of
the facility in the sense that should any one of them occur, a loss in
production operation wuld result. Included in these faults are equipsent
walfonction amd husan exvor. Once a crivical failuve mode Yas been
identified, it is necessary to detetmine the Likelihesd or probabilicy
of that particular failare occurrivg. 9y summing oll of the separate
probabilities together, the veerall probability for loss of production
can be obtained. This summation technique ie valid only in cases where
the {ndividual failure wode probecbilities are small since no correctioa
is mude for cases vwher? two or wore critical failure aodes wmay occur
simultancously.

Iv-18
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TABLE IV-1

éﬁ ! FAILURE OF BOTH TANK FARMS TO PASS PRODUCT

; “"f;; Typical Probability of
3 Failure Pailure After
- 3 Faiivre Mode Rates 2160 Hours
v ———— ——

3 - 1, TFailure of component steam tracing

o (common cause)

f : é 2, steam pipe failure 1 x 10°8 2.2 x 1073
. b. steam header 1x 1078 .0022
jo ' ¢. steam pressure indicator 8 x 10-7 .3017
. d. incorrect ingtallation/selection, NA .0030
S otc, of items a, b, and ¢
- 1 2, Failure of Tank Heatern
. (common cause)

K. - cs k.
. a. stem pipe faljure 1 x 208 2.2 1 1073
1 b, stewn header 1 x 1076 0022
ko . gtess pressure iwndicator 8 x 107 017
) d. incorrcet installation/selection/ R .0030
desipgn of items a, b, and ¢
¢, incorvect installacion/selection/ BA L0030
design of components fa tank '
temporatury coutrol system at
each taak
3. lIncorrect installarion/sclection/ 5N ~.0ig0
saiotenance ot coaponents listed
in Tadle IV=) '
4. Highor factor fallure modes v RUSY:
Total Probability: .035%6

Average Propablility: 0198
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1 The nrobability of a particular failure mode occurring can be

3 determined by evaluating the individual fault or fault combinations

- : comprising the failure. Failt events can generally be classified as

: either time dep.~dent (component failure) or time independent (human
error), as previously discussed in Section IV-B-l. 1In cases where the
failure mode is comprised of a single fault (i.e., single point failure),
] the probability of the failure mode occurring is the probability of

s the single fault occurring. 1In cases where the coexistence of two or

4 more faults is required, the fault probabilities are multiplied together
to obtain the failure mode probability.

In cases where a system is found to have numerous single point
failure modes, higher order failure modes (i.e., 2 two faults) cam, in
4 .4 most cases, be ignored since their contribution to the overall

K reliability prediction will be minimal. This is wot, however, the
L V8. general rule when evaluating overall fire/explosion probabilities since
Y it is not only the probability value which is important, but also the
: consequences (severity of fire. explosion).

Presented below is a discussion uf the reliability evaluation
performed on the operation of the AN/NA transfer system. For simplifi-
3 cation and clavity, the various facility subsystems ave discussed
3 separately.

2. Reliability Resules

*‘i
' a. Tank Farme (C-J and C-7)

From the amalysis, it has boen determined that there iw an
1 3 avervage probability of (0198 that a failure(s) will oceur at the C-)
E 3 ‘ o and -7 Tank Farms during 90 days of continvous operation such that no
] product vould ke asilable frow hoth Pavms. Thoze component failures
and operater faulils contributing wost significantly to this teliabilivy
prediction are discussed below,

s

¢y : the Tank Farms rontribute cnly about 10% to the overall
. average fatlute probability of .18 for the entive facility. The rela-
3 tively high reliability of the Tank Parms can be attributed to the fact
3 that tho two Tonk Farms operate essontially isdependently of ene

anether. For both Farms to be shut down, at least one failure wouid
have to exist in each systen. The probability of this ovcurriog as a

; result of primacy failures of mechanical (valves, pipes, ete.) or

?".$ 3 elestrical (level pranspitters, solenoid valves, etc.) components is

- : extremely remote (. 1077) due to their indipoudence. However, sccondary

failures of such componcents, brought about by human evvor, cannot be

3 k- regardad as iundepondent. Thus, should a level control valve fail at owme

. of three tanks comprising the C-3 Tank Farm due to improper {nstallatiow

) e
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TALLE IV-J
FATLURE OF A TAXK AT C-3 OR C-7

Probability of

Typical Failure Failure After
Failure Mode Rates 2160 Hours
1. Tank 1x 1078 2.2 x 1073
2. Tank Heating System {see Table IV-K) .0215
3, LCV-7 5.4 x 1070 L0117
4, LCV-7 5.4 x 1078 .0117
5. Relief valve 2.0 x 1070 .0043
6. EV-6 1.8 x 1070 . 0040
7. EV-6 Coil 1.0 x 1076 .0022
8. LSHH~7 1.5 x 107° .0032
9. LIC-6 ‘ 1.6 x 10°° ' .0035
0. LT-6 5% 1077 .0011
1. EV-7 1.8 x 107° . 0040
2. EV-7 Coil 1.0 x 1076 .0022
3. 2" Fill line piping 1 x 1078 2,2 x 1072
4. 2" Fill line flange gasket 1.0 x 107 .0022
.5, 2" Fill line flange (loose) NA .0010
6. LAH-6 1.4 x 1070 .0030
7. 1ALe6 1.4 x 1078 .0030
18, LSL=6 1.5 x 1076 .0032
19, LAHH-7 1.4 x 1076 .0030
20, P/1-6 8 x 1077 .0017
11, LI~6 ‘ 5 x 1077 .0011
12, Steam tracing farlure (leading to (see Table IV-L) . 0069
excessive corrosion or product freezing)
13, Incorrect installation/selection/design NA .0200
of above items
Probability subtotal: .1151

Iv-21

e A A S S vk A e A T e B EA S O A R ROl A AR Mt 4% TATAS ML € I YT R AR it e et s e e e o4




TABLE IV-K
HEATING SYSTEM FAILURE OF A TANK AT C-3 or C-7

Probability of

Typical Failure Failure After
Failure Mode Rates 2160 Hours
1., Temperature trausmitter 5 x 10°7 .0011
2. Temperature indicator/controller 1.6 x 1076 ,0035
3. Temperature control valve 7.9 x 1070 .0170
4, Steam pipe failure 1 x 10°8 2.2 x 1073
5. Steam header =300 5022
6. Steam pressure indicator 8 x 1077 L0017
3 7. Incorrect installation/selection/ NA .0060
3 design of above items
Total Probability: .0215
_ TABLE IV-L
3 K
s STEAM TRACING FAILURE OF TANK COMPONENTS AT C-3 OR Cw7
,%: ﬁ, Probability of
o Typical Failure Failure After
f' é Failure Mode Rates 2160 Hours
?37'§ 1, Steam pipe failure (freezing only) 1 x 1078 2.2 x 1077
1 _,‘_ .; 2. Steam header 1x 1070 ,0022
S 3. Steam pressure indicator 8 x 107 .0017
3 :té 4, Tcorrect installation/selection/ NA .0030
IT  € lesign of above items
Eiz;fi? Total Probabhility: .0069
'- = I-22
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TABLE IV-M
SHUTDOWN OF 3" TRANSFER LINE

Probability of

Typical Failure Failure After
Rates 2160 Hours
1. Pipe or support (1000) failure 1 x 10-8 .0220
2. Block valve i 2 x 1076 .0043
3. Flange gasket 1 x 1076 .0022
4, Fiange (loosge) v NA .0010
5. Flange (grounded) NA .0010
s ——Txansfer aperatiang halted due to
abnormal product temperature
indicated in line
A. TR-5 1x 1076 .0022
B, TT (5A through 5M) 5 x 1077 .0132
. C. Heating unit thermostat (10) 5 x 1077 .0110
h Eé D. Heating unit transformer (10) 2 x 1076 L0430
E E. Heating unit wiring (grounded) 1 x 108 .0002
3 F. Ground alarm (10) 1x 1076 .0220
' %; ;a'f; 7. Incorrect installation/selection/ NA 0450
g design of above items
'#ﬁ. QE Total Probability: .1671

:';g Average Probability: .0836




or maintenance, then it can be reasonably assumed that a similar valve
in the C~7 Tank Farm will fail at the same time. Presumably the same
person will be involved in the maintenance of similar components present
At each Tank Farm. Thus, thle secondary failure of the two valves, in
this case, can be regarded as a single point failure: humar error,

In addition to operator error, other single point or common
cause failures were identified from the analysis of the two Tank Farms.
These involve the operation of the same steam system supplying the tank
heaters of both Tank Farms. A failure in either one of these systems,
such as a primary or secondary failure of the steam header, would result
in a process upset and the eventual shutdown of both Tank Farms (abnormal
product temperature).

At the current design stage of the facility, the selection
of a particular valve model for utilization as a level block valve at
each tank has not been made. The reliability data available at this
time on the two candidate valves (Durco plug and Jamesbury ball) are not
sufficient to make a quantitative comparison between the two candidates.

However, tecause of their similarity in design and materials of con-
struction, major differences in reliability would not be expected,

A sunmary of the reliability analysis on the Tank Parms is
presented in Table IV-I,

From typical component failure rate data and human error
rates, the probability of any one of the critical failure modes (ieading
to loss of operation) has been determined for 90 days of operation, The
sum of these probabilities equals the overall probability of failure
during the time period under evaluation. For the Tank Farms, the
probability sum is .0396, as noted in Table IV-I. This means that there
is a probability of .0396 of having at least one critical failure occur
during a 2160-hour (90 days) operating period. Initially, the overall
failure probability will be nearly zero and, as time passes, wil.
steadily increase to .0396 after 2160 hours. Half of the time, the
failure probability will be less than .0198 whereas, for the other half
of the time, it wiil be greater than .0198. Thus, the best estimate
of the probability becomes the average, or .0198. This technique for
calculating the average probability of failure is employed throughout
the reliability evaluation.

As a supplementary analysis of the reliability of the Tank
Farms, th2 probability of a failure occurring which would vesult in one
of the six tanks b.ing inoperative was also determined. The results of
the analysis, although uot applicable to the overall reliability
analysis, can werve as a trouble shooting guide by pointing out chose
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failures which are more likely to occur. The results of the analysis
are summarized in Tables IV-J, -K, and -L. Not surprisingly, the .115
average probability of failure results primarily from single point
failures of electrical and mechanical components.

b. Three-inch Transfer Line

From the analysis it has been determined that there is
an average probability of .0836 that a fallure(s) will occur in the 3"
transfer line (impedance heated) during 90 days of operation such that
no product would be available to both Tank FParms. Shutdown of the
transfer line would result in no product being available from the Tank
Farms only if the transfer line shutdown lasted for an extended period
of time. 1In the analysis, ic is assumed that failures leading to a
traisfer line shutdown would necessitate an ultimate shutdown of both
Tank Farms. Those system failures contributing most significantly to
the .0836 failure probability are discussed below.

The impedante heared transfer—tHne-contributes—almost—50%
to the overall average failure probability of .18 for the entire
facility. Numerous singlc point feilures could caus: the 3" transfer
line to be shut down. Most of these are associated with the improper
operation of any one of the electrical componerts which are present in
each of the ten individual impedance heating units (thermostat, trans-
formex, ground alarm, etc.) and those which are emyloyed in process
monitoring (temperature transmitters and recorder). 1In the analysis
it is assumed that the transfer line would normally be shut down if &
critically abnormal pruduct temperature were indicated in the line.

An abnormally high (> 100°F) or low (< 80°F) product temperature could
ultimately cause, if left uncorrected, a secondary pipe failure (corro-
sion) or blockage (product freezing), respectively.

It would raquire the occurrence of at least one failure
in both the heating and monitoring systems to cause an abnormal product
temperature to go uncorrected., Since the two systems wi'l operate and
are maintained independently of one another, the probability of two
independent Eystem failures occurring under these conditions is quite
small {~ 107" per 90 days),

A summary of the reliability analysis performed on the
transfer line is presented in Table IV-M.

¢. New Pump House

From the analysis it has been determined that there is an
average probability of .0278 that a failure(s) will occur in the new
pump house during 90 days of operation such that no product would be
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available to the 3" transfer line. Shutdown of the new pump house would
ultimately result in no product being available from the Tank Farms only
if the pump house shutdown lasted for an extended period of time. 1In
the analysis, it is conservatively assumed that all failures leading to
a pump house shutdown would necessitate an ultimate shutdown of both
Tank Farms.

The new pump house contributes only about 15% to the owerall
average failure probability of .18 for the entire facility. The rela-
tively high reliability can be attributed to the fact that there are
three pumps (with associated piping) available for use in the new pump
house, whereas the operation of only two of these are absolutely
necessary: One pump to recirculate product through the heat exchanger
and another pump to supply product to the 3" transfer line. The third
pump primarily serves as a backup to the other two, although all three
pumps could be used together if required.

Primarily failures of pumps and valves contribute very little
to the failure probability of the new pump house operation. At least
————————twe—out—of-the-three-pumping—cirouite-would-have to be ynavajlable before
the pump house is shut down. A single failure, which could cause all
three pumps to be shut down, is more probable than the simultaneous
occurrence of independent failures in two or wore of the pumping circuits.

For example, failure of the building heater to supply
sufficient heat is a wmuch more likely cause for the pump house being
s 3 shut down than the primary failure of two pumps. Insufficient heating
; could be caused by any one of several single component failures (e.g.,
thermostat, steam control valve, ete,) and would most likely not be
noticed before the product freezes in the pipes. The average probability
of a critical failure occurring in the building heater has been deter-
mined to be about .016 for 90 days of operation, or about 60% of the
pump house failure probability. In the analysis, it {s assumed that a
heater failure will always result in blockage. If the failure were
caught before asignificant freezing in the product line had occurred, a
shutdown could be avoided. Discussions with Holston persounnel on the
existing pump house indicate that failure of the building heater would
not necessarily result in blockage via freezing due to: (1) the brief
time the product would be in the pump house and (2) secondary heating
occurring from the operation of pumps.

Other single point failures identified as potential causes
for the shutdown of the pump house include: pipe failure, valve leaks,
or human error in adjusting/maintaining pumps, valves, etec. A pipe
failure or leaking valve would likely result in an extensive spill,
gsince the operations in the pump house are only infrequently checked by
an operator. A secondary failure of all three pumps, for example, could
be caused by a siungle system fault: operator error in adjusting pumps.




-3 Similar considerations apply to the maintenance and adjustment of the
manual valves in the pump house.

o A summary of the reliability analysis performed on the
o - transfer line is presented in Table IV-N.

, ; At the current design stage of the facility, the selection
5' ,: of a particular pump model for use in the new pump house has not been
] made, Sufficient failure rate data are not available on the twe
: candidate pumps (Durco "sealmatic* and Wilfley "AF'") at this time to
) , make a quantitative comparison between the two. Since similar materials
of construction will be employed for each pump, failure via corrosion
should not be significantly different between the two pumps. The
‘ primary difference in the design of the two pumps is in the mechanism
: B by which the mechanical pump seals are release during pumping. The
3 A Wilfley mechanism (mechanical governor) is expected to be slightly more
¥ 3 reliable than the Durco mechanism (pressure via solenoid interlock).
E However, as discussed earlier, primary failures of these pumps will not
be as iwportant as, for example, secondary pump failures (incorrect
adjustment, etc.) or failure of the building heater. This latter failure
¢ would be most critical, with respect to product freezing, during pertods """
. 8 when the pumps feeding the transfer line are temporarily shut down as a
result of some other system failure.

d. Storage Tank and Heat Exchanger

From the analysis, it has been determined that there is
an average probability of .0268 that a failure(s) will occur in the
new storage tank or heat exchanger during 90 days of operation such
that the new pump house would have to bo shut down. Sauudown of the
now pump house would result in no product buing available from the Tank
Farms only if the failure(s) causing the shutdown requires an extended
repair time. In the analysis, it is conservatively assumed that all
failures leading to a pump house shutdown would necessitate an ultimate
shutdown of both Tank Parms. Conditions under which a pump house shut-
down would be uecessary consist of: (1) high product level indicated,
(2) tank or pipe failure (including excessive corrosion), and (3) block-
age due to freezing. An indication of an abwormally high or low
temperature in the tank would not automatically result in a shutdown.

The new storage tank and heat exchanger contribute less
than 20% to the overall average faflure probability of .18 for the
entire facility. Although a failure of any one component present in
the level control system interlocked with existing pump house could
cause a shutdown of the storage tank, the .0268 probability value is
mostly associated with abnormal heating operations (bayonet heater,
heat exchanger, or steam tracing) resulting in product freezing or
corrosive failure.
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TABLE IV-N
FAILURE OF NEW PUMP HOUSE TO TRANSFER PRODUCT

Probability of

Typical Failure Failure After
Rates 2160 Hours
1. Pipe failure (10) 1 x 10-8 .0002
2. Manual valves (leaking) 1 x 10 .0132
3. Incorrect installation/selection/ NA .0070
design of pipes or valves
4. Iwmproper adjustment/waintenance NA .0030
of transfer pumps
3 T8, “Building heater failure (product
3 freezes or excessive corrosion)
f- A, Unit heater 1 x 1078 2.2 x 1072
éf B. Steam coutrel valve 7.9 x 1076 0170
C. Therwostat 5 % 1077 L0110
D. Steanm pipe failure 1 x 1078 2,2 x 1073
; . E. Incorrect installation/selection/ NA 0040
: 3 design of heater cowmponeants
A 3 6. Higher factor failure wmodes - .0004
Total Probability: .0556
E A Average Propability: 0278




A failure in the heat exchanger (insufficient heating)
would ultimately result in the process materials freezing if the backup
hayonet heater were either not turmned on (manually) or failed to
deliver sufficient heat when turned on. A failure of either the
temperature transmitter (TT-3) or temperature indicator (TIC-3) to
operate properly could result in both the heat exchanger delivering
insurficient heat and the operator being unaware of the low product
temperature. Under these conditions, the bayonet heater would not
be turned on by the operator and the product would eventually freeze.
Thus, it is recommended that a separate temperature transmittrr and
indicator be utilized in the operation of the bayonet heater. This
could be the same equipment employed in the monitoring of tliz heat
exchanger operation discussed below.

Other single point failures which could cause pzoduct
freezing are associated with the common steam supply system feeding
both the heat exchanger and back-up bayonet heater. Failure of the
steam header, pressure indicator, or pipes would fall under this
category.

Several two factor failure modes were identified as possible

causes of product freezing, although these were found to be relatively
insignificant contribuwors to the overall failure probability. An
example of such a failure wmode is a primary failure of the temperature
control valve ar the heat exchanger and failure of the operator to
notice the low temperature reading on TIC-3.

With respect to potential overheating problems, it has
been acsumed in the analysis that should an abnormally high product
temperature de indicated {n the storage tank, the new pump house would

not be shut down., This would depend largely upon the extent of vepairs

requived to correct the iudicated high temperature. The single wost
likely cause of a high product temperature is fatlure of tho temperature
control valve (TCV-3) at the heat exchanger, alrhough other single point
failures were identified. Should the operator be unaware of the high
product temperature, thus allowing the problem to go uncorrected, a
secondary failure of the tank or pipes would ultimately occur due to
excesgive corrosion. This condition is fucluded in the reliability
analysis of the storege tank operation since it would necegsitate the
new pump house to be shut down.

Corrusive failure resuiting from an abnormally high product
temperature which goes undetected by the operator would require, {n most
cases, a failure in both the heating system and temperaturs monitoring
system. Fallure of the towperature transmitter (TT-3) or indicator/con-
troller (TIC-3) could result in excessive heating from TCV-3 as well as
causing the operator to be unaware of the high product temperature.

Iv-29




Should TCV-3 fail open, with everything else operating
normally, the temperature of the product in the storage tank would
only gradually increase (as measured by TT-3) whereas the temperature
in the output line coming from the heat exchanger would be at a
critically high level. Under these conditions, excessive corrosion of
the line would occur although pipe failure would not be expected unless
the high product temperature existed for an extended period of time
(> 1 day). Thus, a failure in the temperature monitoring system (TT-3,

TIC-3, operator error) would be required before seriously abnormal
corrosion would occur.

A summary of the reliability analysis performed on the
storage tank and heat exchanger is presented in Table IV-0.

Since there is presently no monitor on the temperature of
product coming out of the heat exchanger, excessive corrosion Chigh
product temperature) of the heat exchanger and downstream piping would
go uncorrected if the temperature of the bulk material in the storage
tank were measured as being normal. Such a condition could be brought
about through a variety of conditions: improper design, poor tank or
pipe insulation, lower-than-expected outside temperatures, steam tracing
failure to supply sufficient heat, etc. Because the product temperature
is such a2 critical factor in the reliable operation of the facility, it
1s necassary that the operation of the heat exchanger be closely
monitored., It is recommended that a temperature transmitter be installed
immediately dowmstream from the heat exchanger which would fecd a
temperature indicator in Building 330. In this manner, abnowmal product
temperatures could be rapidly detected. In fact, the temperature
differential between the storage tank and heat exchanger could be
enployed as an fndivect indicator of a failure {n tihe steam tracing
system, ineffectiveness of the tank or pipe insulation, blockage in the
circulation product line, or failure of the vecirculation pumwp {n tha
new pump house., This recoomewdation has elready been wade in tenws of
significantly reducing the overall probability of an explosion occurring
in the storage tank/heat exchanger arvea,

e. Bxistiag Pump House

The reliability analysis on the existing pump house wasg
similar to that performed on the new pump house amnd from it, an average
faflure probability of .0255 was calculated to exist for 90 days of
operation. Shutdown of the existing pump house would ultimately reswult
in m product being availeble from the Tank Farms only if the pump huuse
shutdown lasted for an extended period of time. In the analysis, it is
congservatively assumtd that all failures leading to @ pump house shut-
down would necessitate an ultimate shutdown of the Tauk Parms.

.

Vo e

RS S PR SN R W 2]

2,

o
=y
3



TABLE IV-0
FAILURE AT NEW STORAGE TANK AND HEAT EXCHANGER

Probability of

Typical Failure Failure After
Rates 2160 Hours
.. Tank failure 1 x 108 2.2 x 1072
1. LSHel 2 x 1070 .0043
3, LSHH-2 2 % 1078 .0043
4 LSHH-2 probe 1 x 10-6 0022
5. LT-l | 5 x 1077 .0011
6. LI-1 5 x 1077 .0011
‘ : 7. Product freezes due to heat exchanger
: failure and bayonet heater failures
. 3 {or not turncd on)
A. TT-3 5 x 107! L0011
3. TIC-3 1.6 x 10°6 - .003%
. Steam pipe failure 1 = 10-8 : 2.2 = 1073
D. Steam header 1x 1076 L0022
B, Steam pressure indicator 8 3 w07 L0017
F. Higher facter failure wodes - 0001
8. Abnormally aigh product tesperature
causing secondary faflure of equipment
(excessive corrovsion)
A, TT-3 5 % 1077 .0011%
8. TIc-3 1.6 x 1076 .0035%
€. Steam tracing failure (sce Tadble IV-I) , 0059
D. Higher factor failure wodes - .0801
9, Incorrect installation/selecticn/ Na ,0120
design of above ftems
Total Probability: .0536

Average Probability: .0268

* Faflure probability alrsady included in item 7 above.
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As with the new pump house, primary failure of the pumps
and valves were found to contribute very little to the failure

probability associated with the existing pump house. This is mainly due
to the fact that both pumping circuits would have to be unavailable
before the pump house would be shut down. Thus, a single failure, which
could cause both pumps to be shut down, is more probable than the
simultaneous occurrence of independent failures in both pumps. Due to
the similarities ia the operation of the existing and new pump houses,

the reader is directed toward the discussion of the new pump house
operation (Section IV-D-2-c).
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V. TRADE-QFF STUDY

Cost txade-off analysic is normally the integrating factor for
the fire/explosion and the reliability analysis. This trade-off
study attempts to minimize cost, in terms of the losses resulting
from catastrophic events and the losses incurred when the facility
is shutdowm, by increasing safety or reliability. The expenditures
associated with these potential changes are traded off against the
costs incurred when the system is down as a result of failure.

Based on the preoposed design and operation of tha AR/NA Transfer
system, #n overall explosion probability of 1.1 x 106 has been
determived to exist. Any reduction in this relatively low explosion
probability value, through process modifications, increased preventa-
tive maintenance, etc., would be more tham offset by the increased
costs associated with such modifications., Thus, any modifications
in process design, maintenance schedules, etc., would not be cost
effective in terms of veducing losses associated with a catas-
trophic cvent,

The recommendations put foxth in the Summary section of this
veport consist wostly of minor procedural modifications which i€
followed would significantly reduce the overall probability ef a
catastrophic event cleyrying in the facility from a level which is
already telatively low. No, or only a wavginal, ingrease in opervating
costs would be sesbcluted with many of thess vocommandaticas. The only
wajor madification reccamended ia the facility deo8igo consists of rem~
perature wonitorving of the product at the heat exchanger. The equipaent
involved weuld add very little to the overall sost of the facility, dut
would significontly reduce the oversll probabilicty of an explosion
acourring in the fecility from 9 level which is already veluatively low,
In addicion, such a sodificatica wuld veduce the likelinood ef
excessive corrusion or procuss blockage (product freeszing) Geeurriag
at the hoat oxchanger and storage tank as 3 tesult of an abnotwal
process tewperature.

In oxder to effectively veduco costs associated with systes
unreliability, accurate failure vate data aust be svailable an The
components opevating in the actual ARN/RA transfer svalen owvis s
This can beat be obtained by keoping careful and coapiate fb (sosnre
records, [From theee operatiotal records, velinbiilly wmiy be Pucvessed
via availability of spares and/or i{ncreased waintzasnss,
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APPENDIX B

EXPERIMENTAL DISCUSSION

Material response testing for this program was conducted in accordance
with Hercules procedures. The specific details of each test procedure have
not been included in this report since most of the tests are fully described
in the literature.(IS) Any specific questions concerning any of the tests or
experimentalvresults discussed previously in this report should be directed

to ABL.

The following is a brief description of each of the tests used to ob-

tain the material respouse data for this program:

1. Impact

Impact testing of process materials was conducted on the ABL iwmpact
wachine. The ABL impact machine is designed to deliver controlled energy
from & falling weight retained in guide bars, through an intermediate ham-
mer, to the test material resting on an anvil, The machine provides a valfd
weans of obtaining initiation data by impacting & small sample. The data
obtained reflect the effects of velocity, hammer area, particle size, sample
thickness, msteginls of construction, sample temperature and sample confine-

ment,

Initiation is detected by observing odor, stain, smoke, sample scatter-

ing, noise, etc, When any doubt exists concerning initiation detection, the .




limits of the operator's judgment are extended through the use of an infra-
red analyzer., This device is capable of detecting decomposition ptoaucfs,
including such gases as CO, COz, NOy and Ny0, between 4<5 microns in the i

spectra wavelength with a sensitivity limit of about 40 parts/million,

2, Friction

Friction testing was conducte@ on the ABL Model I Sliding Friction
machine, a pendulum-driven device, This wachine is a versatile device which
is capable of determining the initiation response of explosive materials to
friction over a wide ramge of conditious. fhe machine can duplicate almost
any frictional situation with respect to frictional force, velocity, slid-

ing distance, materials of comstruction invoived, &nd enviroument.

3. Electrostatic Discharge

The electrostatic discharge test is designed to determine the response
of sensitive materials to various electrostatic discharge energy levels,
The material to be tested is placed within a grounded sample container, and
electrostatic evergics of variou§ known magnitudes are passed from & point
source through the sample until a maximum energy which will not result in
initiation in 20 successive trials is established, Energy sources consist

of charged capacitors &3 well as the energy delivered by a human spark.

4, Particle Impingement
This test is designed to simulete pumping of explosive liquids by

icipinging varicus sized samples up to velocities of .. 40,000 fpu ocuto a

target, Initiation is detected by either a Polaroid camera to recorxd

initiation flashes or a force gage.




Se Transition

The transition test consists of subjecting explosive materials to bot-
tom flame initiation from a 12 gram (6 gram FFFG and 6 gram 2056 casting
powder) bag igniter. The explosive is placed in schedule 40 pipe, and pipe
diameter and length ave varied to obtain a relationship between(confinement
diameter and critical height to explosio The critical height is that level
above which explosions will occur as a result of 3 failures at that level,

Standard container diameters are 1, 2 and 4 inch pipe.

6. Explogive Propagation

This test is designed to determine the minimun diameter above which
process materials will propagate a high order reaction when confined in a
- 24" long steel pipe. The booster wmaterial employed as the detonation source
is COﬁﬁ; C-4. Detection wethod consists of a lead plate with Primacoed, in

addicion to visible iunspection.

7. Sustajned Reaction (Fixe)

This test consists of exposing a 1/2 inch thick layer of material to an
eno:getic ignit ion source (therwmite igniter or Atlas match) to detexwine {f
a sustained burning results, The waterial is held in an 8" long alusinum tray
aad the igniter is placed inaide the tray, at the bottoaw of the test waterial,
Visual cbservation of the material ufter ignition deteraines the extent of the

buraing reaction.
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APPENDIX ¢

RELIABILITY CALCULATIONS

The probability of a camponent failing after & given time interval in

hours is calculated as follows:

Probability of Failure = 1 - ¢ - (Failure Rate) x (Hours)
= (Failure Rate) x (Hours)
For example, if failure rate is 5%x10"9 and the time iwtervsl is 2160 hours,

the probability of failure is:

Probability of Failure =(l - e)- (3%10°0) x(2160)
= (5¢10%0) x (2160)
= 0'0108

Por two components to fail simultancously:

Probability of failurs = (l-e” 1ty (1-o”2282)
= (A1 ) (dat)
= Ay (eime)?
Por example, if Al = (3.0000%6%2 = 2530°%, ¢ < 2160 bours
then, M ¢ = (3.010°6) (2160) « 6.48x107 |
A2 ¢ = (2.0:076)(2160) = 6.32x10"3
\e hze = (3.0M0°6) (2x10-6) (216002
- (6x10°12) (4.7656310%)
- 2.8x107°




R e

This example indicates that the single factor failure mode gives protabilie-
ties, of failure of 6.5X10"F and 4,3%1073, while the probability that they
will fail simultanecusly is 2.8%1072, Thus, a single factor failure mode is
approximataiy 100 times, wore severe(= 1073 vs = 1073 probability) than two
factor failure wodes, or it requives approzimately 100 twe factor failure
modes to be equivalent to one single factor failure mode., (For a further {

discussion of mathematical treatment of this subject, see reference 18.)

This low contribution of two factor failure modes was alsc the justie
fication for werely adding the prodabilicies of failurve., That {s, conven-

tional probability theory for adding of probabilities is as follows:

¥ L X )
P e+ ot g - g ) ® i;i:l? (<)) -igl g‘z\v(ei) P(¢;)* highar oxdev teyms

(i¢d 3)

However, as was numerically illustrated, the contributive of the two factor

failure modes may be neglected since they ave wsy' small {n velation te the

single factors, Thus,

e
§ Y

N P (¢;) P (ej) = 0 (all other higher order terma are sexo also).

t-5 3

or Py + €3 + €3+ <=+ €.) = P(&)) ¢ Pleg) + P (e.) + -~ + P(e)

r
= ¥ P(ey)
i= i




APPENDIX D

CALCULATION OF ADIABATIC FLAME TEMPERATURE FOR AN

The most favorable decouposition reaction path for AN from a free
energy standpoint is:

NH, NOy —3 2H,0 + N, + 1/2 0z (9,16)

which liberates 28,470 caiories/g-mole AN<1°), with all products in the
gaseous state at 25°C.

454 g-mole} ¢ 3 Btu )
lb-moie ¥ 252 cal

q = (1 lb-wole NH4NO4) (28,470 cal/g-mole) (

« 5.14 x $0° Btu

The heat balance is:

® N, Cp, (T -27°F) + 7 - + 5 T -
9 % g“z { ) 01 CPOz (rT-1) 0 0?320(3) (T =« 74)

wiliore .
Ty, = 1.0 theaole
?&\ = 0 Q
V2 i
»
~lﬁ§0 - 2 - o

Cpg, = 7.2 Buu/lbemole °F (ivat copreity ot o temperatute of 1000%F
: 2 for all gases) ’
Con = 7.6
¢y

c’ﬁzc(g) » 8.7 Btu/lt-mole °F

5.16 % 10% » LAT.2)(T + 77) + 0.5¢7.6){T - 77) + 2.0(8.7) (T - N

T « 189°¢

Since the winimun tesperature for a flame is 1500‘1(17) or 2241°F, there
18 uo posesibility of a flame occurring with pure AlN.
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The particular decomposition reactic path employed in this
analysis is, from a free energy standpoint, the most favorable. It
is possible, indeed likely, that additional decomposition reactions
may also occur. One alternative reaction suggested by Holston
involves the 1. mation of nitrous oxide, dinitrogen tetroxide, and
water as decomposition products:

NH4NO3 —>1/3 NoO + 1/6 No0, + 2 Hy0 + 1/2 Ny

The hear of reaction of this equation is calculated (via heat of
formation considerations) to be about 20,634 cal/g-mole. Using a
similar 'heat balance" approach employed above, an adiabatic flame
remperature of 835°F is calculated. This value is again well below
the 2241°F minimum temperature level required for a flame to occur.
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